The knowledge of the chemical composition of the soil solution through chemical speciation is important for the monitoring of nutrient availability, soil fertility management and plant nutrition. 
Introduction
Brazilian soils are mostly weathered and acidic with high Al and Mn contents, low Ca 2+ , Mg 2+ content, and low sum and saturation of bases. Phosphorus is the most limited nutrient, mainly in the subsurface horizon (B). There characteristics are undesirable for the good development of the main agricultural crops (Miguel et al., 2010) . In this context, it is important to know the chemical composition of soil solutions through chemical speciation; this information contributes to the understanding of physical and chemical changes to aid in the monitoring of nutrient availability and for management of the environment, soil fertility, and plant nutrition, because it is in the soil that the main chemical reactions occur and nutrients are dissolved in the solution and absorbed by the plants (Souza et al., 2013; Francisco et al., 2016) .
The quantification of nutrients in the soil solution through chemical speciation, especially in limestone areas, allows the understanding of the nutrient mobility and availability as well as phytotoxicity of metals (Krishnamurtiand & Naidu, 2002) . Speciation includes free ions, complex ions, ion pairs and chelates in solution. The use of computer softwares such as Minteq A2 algorithm facilitates the production of these forms by rapidly providing estimates of the species and the respective ion activity in the soil solution (Rutkowska et al., 2015; De Conti et al., 2017) . They simultaneously consider the various chemical equilibria involved in the reactions responsible for the formation of complexes, and solid dissolution and precipitation, calculating activity coefficients and the distribution of the free species, as well as their complexes and precipitates (Rossiello & Netto, 2006) .
Although knowledge of the chemical composition of the soil solution is important, this has only been determined in scientific studies due to methodological difficulties (Cancés et al., 2003) . This difficulty arises from changes in the chemical composition of ions in the solution as a function of the acid-base balance, ionic complexation, precipitation and dissolution of oxides, oxidation, reduction and exchange of cations, time of the year, soil moisture, variation between the equilibrium existing between the components of the solution and the other phases of the soil, as well as their interaction with the soil, with microfauna and microflora that alter their composition along the soil profile (Zambrosi et al., 2008; Gloaguen et al., 2009) . In addition to these factors, the liming used to correct soil acidity also influences the composition of the soil solution due to the rapid equilibrium of the solid with the liquid phase, changing the dynamics of ions in solution (Spera et al., 2014) . Therefore, it is necessary to choose the method of extraction from the soil solution that is close to that found under field conditions (Nolla et al., 2015) . Several methods are used to simulate the soil solution but the most used are displacement, centrifugation, soil saturation paste, porous extractive capsules and aqueous extracts in different soil:water relations (Souza et al., 2013; Somavilla et al., 2017) . The latter, is used to obtain a greater amount of extract for the determination of elements in the solution (Zambrosi et al., 2008) .
The objective of this study was to evaluate the chemical composition and activity of Al, cations and anions, by chemical speciation and identify the chemical elements responsible for the reduction of Al activity in the solution of some Brazilian acid soils subjected to liming and used for soybean and maize cultivation in greenhouse conditions.
Material and Methods

Soil selection
The study was carried out with samples of the subsurface horizon (B) of five soils collected in areas never cultivated and most had Al-KCl contents higher than 4 cmol c kg -1 . Samples of the B horizon were used because of the lower organic matter (OM) in this horizon in relation to the surface horizon. This was done because OM could influence the results due to the formation of organic complexes with aluminum. Based on the mineralogical and chemical differences, we had two groups of soils: smectite with high levels of exchangeable Al 3+ , Ca 2+ and Mg 2+ , whose representatives are AC9 (PVAal), from the state of Acre, and RS (PBACal), from Rio Grande do Sul (RS); smectite with kaolinite containing high aluminum content and low interchangeable Ca 2+ and Mg 2+ content, whose representatives are PE (PVAal), from the state of Pernambuco (PE), and BR (CHal), from Santa Catarina (SC). We also used another soil from the state of Santa Catarina: CB (NB). This was used as a reference because it is a more weathered soil, with essentially kaolinite mineralogy and lower Al-KCl, interchangeable Ca 2+ and Mg 2+ contents than the others.
The soil samples were collected in the same sites where the respective complete profiles had already been previously described, whose results are already published (Table 1) . The mineralogical characteristics of these soils are: in AC9, there is a predominance of smectite (88%) with low amounts of kaolinite-smectite interlayer (6%) and mica-illite interlayer (6%); in PE, there is a predominance of smectite (60%) with relatively high amounts of kaolinite (40%); in RS, there is a predominance of smectite with low illite and kaolinite content; in BR, there is a predominance of kaolinite (51%), with relatively high amounts of smectite and vermiculite with interlayered hydroxy polymers (47%) (EHE and HEV, respectively) and low mica-illite interlayer content (2%); and in CB, there is a predominance of kaolinite (94%), but there is 6% of EHE. Further details on soils can be obtained from Cunha et al. (2014) .
Sample preparation and analysis prior to incubation of soils with limestone
The soil samples were air-dried in greenhouse conditions, buffered, milled and sifted through a 4-mm mesh sieve and then separately incubated. Soil samples sifted through a 2-mm mesh sieve were used for the chemical analyses. The following data were evaluated: pH values in water and in KCl 1.0 mol L -1 in a soil-solvent ratio of 1:2.5; H+Al through Table 1 .
Soil incubation
The treatments consisted of the application of four doses of dolomitic limestone in each soil, corrected to 100% Relative Total Neutralizing Power (RTNP) that were equivalent to the necessary to neutralize the H+Al contents by 0; 0.25; 0.50 and 1.00-fold. Each treatment had four replicates and the doses were applied and homogenized in 20 kg soil samples (dry basis). Then, distilled water was applied to raise the FC of the soils up to 80%. Subsequently, the samples were placed in 100 L plastic bags, revolved every 15 days, and incubated for 98 days until the pH values were stabilized.
Soybean and maize crops
After incubation, the soil samples were again sifted through 4-mm mesh sieves again and 20 kg of each treatment that constituted the four replicates were fertilized with N, P and K from, respectively, urea, triple superphosphate (TSF) and potassium chloride (KCl). In soybean cultivation, (Table  1) whose goal was a productivity of, respectively, 3 and 8 t ha -1 of grains. After the incubation period the fertilizers were mixed in the soils.
Cultures were conducted in greenhouse conditions in 2015 in 8 L pots containing 5.0 kg of soil (dry basis). Soybean was grown for 60 days. Then, in the same soil, maize was cultivated for 45 days. This study will present the results obtained in maize cultivation because they were similar to those observed in soybean cultivation. The experiment used a randomized block design organized in a "4 x 5" factorial scheme, with four limestone doses and five soils, with four replications. Seven seeds were seeded in each vessel, without pre-germination. Plants were cut 21 days after emergence of soybean and 11 of maize, leaving three plants per pot. The soils were maintained with humidity close to 80% of the FC, through daily weighing of the vessels and replacement of moisture with deionized water. The masses corresponding to the growth of the plants of each culture were discounted for replacement of water.
At the end of the cultivation, the shoot of the plants were cut close to the soil surface. The roots were manually separated from the soil and then washed with distilled water. The samples were dried in a forced air oven until constant weight. The total dry matter yield was calculated. Approximately 140 g of soil were collected and packed in a styrofoam container containing ice. Then, they were stored in a ultra-freezer at -80°C where they remained frozen until analysis. This procedure was used to avoid biological degradation of the organic compounds. Subsequently, soil samples were air dried and sifted through a 2-mm mesh sieve to obtain the air-dried fine earth (ADFE).
Soil solution extraction
To extract the soil solution, an extract of soil:solution was obtained at a ration of 1:1 by weighing 20 g of ADFE and adding 20 mL of ultrapure water in 50 mL Falcon tubes. The samples were shaken on a horizontal shaker for 15 min at 150 rpm, followed by one hour at rest. Thereafter, they were agitated for another five minutes and centrifuged at 2000 rpm for 30 min. Immediately after that, the pH and electrical conductivity (EC) were measured in approximately 10 mL of the extracts from each sample. The extracts used for the determination of cations and dissolved organic carbon (DOC) were previously passed in 0.45 micron cellulose acetate syringe filters, and extracts used for the determination of anions were previously passed in 0.20 micron cellulose acetate filters. The final product of filtration of the extracts was stored in 15 mL Falcon tubes and cooled to 4°C for further analysis of the Ca 
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mL Falcon tubes and then acidified with one drop of concentrated nitric acid (maintaining the same viscosity of the curve, prepared with 3% nitric acid) before quantification, with ions by ICP-OES and organic carbon (DOC) dissolved by colorimetry. DOC was determined using the chemical oxygen demand (COD) method (Clesceri et al., 1999) with some adaptations. In short: a 1 mL aliquot of the sample extracts was added in 10 mL COD tubes, adding to it a 0.6 mL aliquot of the digest solution (1.0216 g of potassium dichromate + 167 mL of concentrated sulfuric acid + 33.3 g of mercury sulfate II in 1 L of distilled water) and 1.4 mL of the catalyst solution (5.5 g of silver sulphate diluted in 1 L of concentrated sulfuric acid). The samples were agitated in vortex and digested in a digester block (TR 420 Merck, Germany) at 148 o C for two hours, and cooled to room temperature. A spectrophotometer (Spectroquant Nova 60 Merck, Germany) was used to measure the wavelength of 605 nm in a 3 mm cuvette. The COD value was converted to DOC using a mean multiplication factor of 0.35 (Aquino et al., 2006) . The calibration curve was constructed from standard solutions containing acetic acid P.A.
The anions were determined by turbidimetry (SO 4 2-) in a spectrophotometer (UV/VIS Spectrometer Merck, Germany) at wavelength of 420 nm in a 5 mm cuvette. NO 3 -was quantified by colorimetry using a spectrophotometer (UV/ VIS Spectrometer Merck, Germany) at the wavelength of 605 nm in a 5 mm cuvette. Chloride (Cl -) was titrated with silver nitrate solution 0.1 mol L -1 , having as indicator 5% potassium chromate (Clesceri et al., 1999) . Phosphate (mg L -1 ) was obtained after conversion of phosphorus (P), which was extracted using the Melich-1 solution and determined by the methodology of Murphy & Riley (1962) , in phosphate (PO 4 3-= P x 3.06). All determinations were done with four replicates.
Chemical speciation
Chemical speciation of the soil solution was estimated by the Visual Minteq (for Windows) software version 3.1, based on the Minteq A2 software version 4.0 (Gustafsson, 2016) . For this, the average of four replicates of the total concentrations of Ca 2+ , Mg 2+ , K + , Al 3+ , SO 4 2-, Cl -, NO 3 -and PO 4 3-, of the pH measured in the solution and of the ionic strength (I), was calculated from the EC of the soil solution by the equation Log I (M) = 1.159 + 1.09 * log EC 25 (dS m -1 ) where: EC 25 represents the electrical conductivity corrected to 25°C, according to Spera et al. (2014) .
Based on the speciation, the distribution of the free and complexed ionic species of Al was estimated, obtaining the percentage distribution and the activities of each species in each treatment. Species bonded to anions were estimated based on the DOC content, and the Gaussian DOM model (Grimm et al., 1991) was used for quantification. The formation of aqueous inorganic complexes was evaluated using equilibrium constants of the standard Visual Minteq software developed by Smith et al. (2003) .
Results and Discussion
Chemical attributes of soil solution
The pH values of the solution varied from 4.70 in the soil AC9 to 5.11 in RS in the treatments without limestone and they increased with liming in all soils ranging from 5.78 in the soil PE to 6.20 in CB (Table 2) .
The lowest concentration of total Al in solution in the treatment without limestone was observed in the RS soil, as well as in AC9 and CB. In AC9 and RS, this behavior is explained by the high levels of basic cations, mainly Ca 2+ and Mg 2+ , with a high sum of bases in their solution (Table 2 ). This behavior may be related to the higher retention strength of Al monomers, interlayered Al amorphous polymers and amorphous Al on the cation exchange surfaces. As this force of attraction of the surface by Al ions would be superior to that exerted by the other cations, such as Ca 2+ and Mg 2+ , these ions of lower valence would be in the outermost double layer and the presence of these basic cations (ions) in average and/or increased concentrations in the soil solution reduces the concentration and activity of Al 3+ (Wadt, 2002; Rutkowska et al., 2015) . On the other hand, in this same treatment, the highest concentrations of Al 3+ were verified in the PE and BR soils, because these soils are chemically poorer or because of their lower sum of bases in relation to the others. The concentration of this element in solution decreased with liming in all the soils ( Table 2) .
As for the fraction of Al in relation to all cations in the soil solution, in the treatments without limestone, the lowest values were verified in AC9 and RS; medium values were seen in CB; high values in PE; and much higher in BR. All values decreased with liming (Table 2) . These values are directly related to the Al content and to the effective CEC of the soils. However, it is convenient to consider the relation of the basic cations (mainly Ca 2+ ) with Al that reflects more directly in the saturation values of this element. In the AC9 and RS soils, Ca 2+ in solution was 76 and 114-fold higher than Al in solution, respectively. In the soils PE, BR and CB, the Ca 2+ was 4-, 2.8-and 8-fold greater than Al 3+ in solution, respectively. Although the concentration of Al 3+ in solution in CB is similar to that of AC9 in the treatment without limestone (Table 2) , the relation between the cations was much lower because the soil CB is more weathered and chemically poor.
Concentrations of Ca 2+ and Mg 2+ increased in the solution of all soils with liming. On the other hand, the concentrations of K + decreased in the solution of most soils because of the increase of the negative charges of the soils with the application of limestone, causing absorption of part of the K (Ernani et al., 2007) . Na + concentrations remained constant and the sum of bases in the solution increased with liming ( Table 2) .
The DOC concentration in the soils solution in the treatments without limestone was higher in the soils RS and BR; similar in AC9 and CB; and smaller in PE. It was observed that DOC increased with liming in AC9, decreased in PE and BR, and remained constant in RS and CB (Table 5/10 2). These differences in DOC concentrations in the solution can be attributed to the natural total organic carbon (TOC) contents, quantified in the samples collected under natural TOC conditions, and quantified in the samples collected under natural conditions of these soils, with clay amounts and type of clay minerals in the soils. This is because the sorption of organic compounds to the solid phase of the soil, in particular Fe and Al oxides and hydroxides, can decrease DOC concentration in the soil solution (Peralta & Costa, 2013; De Conti et al., 2017) .
Values of electrical conductivity (EC) and, consequently, of ionic strength (I) of all soils increased with liming ( Table 2 ).
The increase of pH, Ca 2+ and Mg 2+ contents can be considered the main factors that cause the EC of the soil to increase, as a consequence of the concentration and I (Table 2) of the solution of the soils (Peralta & Costa, 2013; Carmo et al., 2016) , taking into account that the other nutrients were supplied in equal amounts and had their availability increased with liming. Higher EC values observed in the soils PE, RS and CB with the use of the maximum dose may be related to their capacity to retain larger amounts of ions, especially Ca
2+
and Mg 2+ after addition of limestone. These soils have high TOC and clay contents that act as ion accumulators resulting in higher EC values in the soil solution. Similar behavior was Table 2 . Chemical attributes of soil solution after maize cultivation under greenhouse conditions.
(1) AC9: collected in Tarauacá in Acre, Profile 9; PE: collected in Ipojuca, Pernambuco; RS: collected in Rio Grande do Sul; BR: collected in Bom Retiro, SC; CB; collected in Curitibanos, SC; (2) Limestone doses applied to soils; (3) Soil Solution; (4) Sum of bases; (5) Fraction of aluminum in relation to all cations in the soil solution; (6) Electrical conductivity; (7) Ionic strenght; (8) Dissolved organic carbon; (9) Sulfate; (10) Nitrate; (11) Chloride and (12) Phosphate.
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verified by Peralta & Costa (2013) and Carmo et al. (2016) . The soil AC9 was an exception, for it presented an inverse behavior, with reduction of EC after soybean cultivation (data not shown). This reduction is related to the Ca 2+ and Mg 2+ contents and can be explained by the buffering power of each soil presented on the increase of EC, by the content of OM, clay and CEC and by the precipitation and adsorption of other processes that remove ions from the liquid phase of the soil (Tamir et al., 2013) .
The dynamics of the anions in the soil solution was influenced by liming. The direct effect of the addition of this corrective factor to the soil is the increase of the pH and its negative electrical potential, of hydroxyls (OH -), of the decomposition of OM that releases organic acids in the soil solution and, mainly because of the decrease of the content and solubility of Al and Fe compounds (Zambrosi et al., 2008 , Hernández-Soriano, 2012 .It is therefore observed in Table 2 that , in general, liming increased the concentration of anions in all the soils. The most significant increases occurred for nitrate and chloride anions in practically all soils and treatments, possibly due to increased mineralization of OM by the effect of liming and KCl fertilization, respectively (Table 2) .
Cations in solution
Aluminum: The chemical species of aluminum observed in greater proportion in all soils in the treatments without liming was Al 3+ (61% in AC9, 69% in PE, 31% in RS, 47% in BR and 50% in CB), which was more abundant in absolute values than the species AlOH 2+ , Al(OH) 2 + , Al bonded to other species (Al-OE) (AlCl 2+ , AlSO 4 + , AlHPO 4 + and Al 2 PO 4 3+ ) and organic carbon dissolved (Al-COD) which were, on the average of all treatments and soils, 20%, 27%, 16% and 4.7% of the total in solution, respectively. However, the activity of the main toxic species of Al (Al 3+ , AlOH 2+ and Al(OH) 2 + ) decreased in the solution of all soils with liming, reaching, at maximum dose, the following averages of all soils and treatments: 21% in AC9, 11% in PE, 18% in BR and 17% in CB, due to the increase of pH, cations and anions concentration in the solution, as well as EC and I (Table 2) , as verified by Zambrosi et al. al. (2008) , Peralta & Costa (2013) and Carmo et al. (2016) . Al-COD and Al-OE also decreased with liming; however, there was an increase in activity, to a lesser extent, of Al(OH) 3 and Al(OH) 4 -(7% and 5.5%, respectively) on the average of all soils and treatments in the solution of all soils that are considered non-toxic to plants (Hernández-Soriano, 2012; Rutkowska et al., 2015; Antonangelo et al., 2017) .
Calcium and magnesium:
The chemical species of free Ca and Mg found in greater proportions in the treatments with and without liming were Ca 2+ (98% in AC9, RS and CB; and 97% in PE) and Mg 2+ (97% in AC9, RS , BR; 96% in PE; and 98% in CB), surpassing the proportion of those bonded to dissolved organic carbon (Ca-COD and Mg-COD, 0.27% and 0.02% in the average of all soils and treatments, respectively), bonded to sulfate (CaSO 4 and MgSO 4 , 0.08% and 0.06% in the average of all soils and treatments, respectively) and to the other species (Ca-OE and Mg-OE, 1.58% and 2.26% in the average of all soils and treatments, respectively) in all soils, regardless of their physical, chemical and mineralogical characteristics. The other Ca (inorganic) species were formed by: CaCl + , CaNO 3 + , CaHPO 4 (aq) and CaH 2 PO 4 + , and those of Mg by: MgCl + and MgHPO 4 (aq). The percentage of interaction of these ionic pairs in the average of all soils and treatments was 1.6% Ca and 2.3% Mg of the total species of these nutrients in the solution. The highest percentage of Ca 2+ and Mg 2+ free species occurred as a result of liming, as these nutrients are part of the chemical composition of limestone molecules and may also be related to the low complexation of these cations with organic and inorganic anions (Zambrosi et al., 2008 ) , since only B horizon samples were used, and this horizon has relatively low total organic carbon (TOC) levels (Data not shown).
Potassium:
The free species of K found in the highest proportion was K + (99% of the total K of the solution in all soils and treatments, separately), followed by the K-OE [(KCl aq), KNO 3 (aq)] representing 0.4% (considering all soils and treatments) of the total of this element in the solution, agreeing with the results obtained by Zambrosi et al. (2008) . The highest proportion of K + species in the soil solution can be explained by the application of KCl in soils prior to the implantation of the experiments. Differently from Ca and Mg, K was not complexed by organic anions (data not shown), and this could also be explained by the use of B horizon samples with relatively low TOC levels.
Anions in solution
Phosphate: Free species of phosphate-(H 2 PO 4 -and HPO 4 2-) depend on the pH of the soil solution. At pH 7.2 the amounts of these two species are nearly the same (Lindsay, 1979) . Thus, as the pH of the solution of all soils was lower than 7.2 (Table 2), it was expected that the predominant species would be H 2 PO 4 -, as observed in AC9 (74%), RS (69%) and CB (65%) in treatments without limestone. However, in PE and BR, in the same treatments, the species found in the highest proportion was formed by the bond between phosphate ions and aluminum (Al-HPO 4 + ), corresponding to 55% in the soil PE and 59% in BR of the total of P species in the solution. This may have occurred because these soils have a high concentration of Al in the solution and the addition of P increases the concentration of phosphate ions (Table 2) , favoring the formation of Al-HPO 4 + , (55% in PE and 59% in BR of the total phosphate ions in the solution). The strong interaction of these ions with Al, Fe and Mn is well known and results in decreased availability of P in the solution and also reduced risk of Al toxicity to plants (Rutkowska et al., 2015; De Conti et al., 2017) . In a lower proportion, HPO 4 2-was found in the same treatments, 0.33% in AC9, 0.12% in PE, 0.75% in RS, 0.2 in BR and 0.3% in CB.
The application of limestone doses increased the percentage of H 2 PO 4 -and HPO 4 2-species, reaching the 7/10 maximum dose (100% of H+Al content) at 79% in AC9, 91% in PE, 78% in RS, and 76% in CB of H 2 PO 4 -, and 6% in AC9, 3.9% in PE and 13% in soil RS and CB of HPO 4 2-, in a lower proportion of organic and inorganic species, as a consequence, decreased Al-HPO 4 + (19% in the average of all soils and treatments), mainly in the soils PE (3.4%) and BR (3.0%) in the solution. It is therefore possible to assume that P was available to the plants, since there were no ionic pairs of the phosphate ions with the cations in the solution of the soils, mainly in the treatments with the use of limestone.
In field conditions, Nolla et al. (2013) also observed the formation of Al phosphate by the release of organic acids by soybean plants that are able to complex the Al in the soil solution under conditions of higher acidity. De Conti et al.
(2017) applied increasing doses of swine manure and also verified the increase of the formation of Al complexed with P due to the increase of the concentration of this element in solution, mainly in the upper layers of the soil evaluated in this study. Zambrosi et al. (2008) evaluated the distribution of Al and nutrient species in the solution in a dystrophic Red Latosol after five years of limestone application and also identified the presence of the complex formed between Al and phosphate in the upper layers and concluded that the phosphate ions in the solution are prone to strong interactions with Al, Fe, Ca and Mg.
Sulphate, chloride and nitrate:
In all soils and treatments the free SO 4 2-and Cl -species were found in greater amounts, regardless of the soils and the limestone rates applied to them. A proportion of 90% of SO 4 2-and 99% of Cl -were found in the average of all soils and treatments. However, ionic pairs were found to a lesser extent with sulfate CaSO 4 , MgSO 4 and those bonded to other species (HSO 4 -, AlSO 4 + and KSO 4 -), representing 0.92% of total sulfate solution in the average of all soils and treatments. However, the pairs formed with the chloride were KCl(aq), CaCl + , MgCl + , corresponding to 0.31% of the total chloride in the soil solution in the average of all soils and treatments ( Table 2 ). The free chemical species of N found in higher percentage (99% in the average of all soils and treatments) in the solution of all soils was NO 3 -. The higher proportion of the free species SO 4 2-, most notably Cl -and NO 3 -found in the solution of all soils (Table 2 ) can be explained by the low interaction of these anions with cations, and also by the addition of dolomitic limestone that increases the pH of the solution and the number of negative electrical charges of the soil. As a consequence, these anions are not adsorbed to the solid phase by any mechanism other than the electrostatic. The low adsorption of these chemical species by the inorganic solids of the soil causes them to be present in greater quantity and in field conditions, they can be leached (Francisco et al., 2016) . For Zambrosi et al. (2008) and De Conti et al. (2017) , the increase of sulfate ions in the solution of the studied soils resulted from the application of limestone and swine manure, respectively.
Relationship between cations and anions activity with aluminum in the solution and its toxicity to plants
The concentration and activity of cations, anions and Al in the solution of all soils were influenced by liming (Tables 2  and 3 ). In general, the free ions that had the highest activity, regardless of soils and treatments, in descending order (Table  3) , followed to a lesser extent by the ionic pairs formed by organic and inorganic complexes (data not shown), evidencing that the concentration of the majority of the ions is related to their activity in the solution of these soils.
(1) AC9: collected in Tarauacá, Acre, Profile 9; PE: collected in Ipojuca, Pernambuco; RS: collected in Rio Grande do Sul; BR: collected in Bom Retiro, SC; CB: collected in Curitibanos, SC; (2) Limestone doses applied to soils; (3) Aluminum bound to dissolved organic carbon. 
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Although the anions NO 3-and Cl -had the highest activities in absolute values when compared to the anions SO 4 2-and PO 4 3-and even to the chemical species of Al, they had little or no influence on the inactivation of Al 3+ in the solution, because there was little contribution of them to the formation of inorganic complexes with Al. The same occurred with the organic complexes (DOC), whose activity in the solution was lower (Table 3 ). This can be explained by the use of the subsurface horizon (B) of the soils, where the total organic carbon contents are relatively low (data not shown). Thus, the activity of the ions Ca 2+ and Mg 2+ (Table 3) , besides the EC, I and pH of the solution of the studied soils were responsible for the inactivation of the main chemical species of Al 3+ , AlOH 2+ and Al(OH) 2 + , considered to be toxic to plants (Nolla et al., 2015; Rutkowska et al., 2015) .
The soils AC9 and RS, which were both smectite soils (Cunha et al., 2014) , presented the highest activities of Ca and Mg 2+ (except in PE, where Mg activity was higher) in the solution in treatments without limestone, overcoming the activity of Al 3+ and the activity of the sum of the toxic species of Al (A⅀FTAl) in the solution (data not shown). In the soil AC9, in this same treatment, the activity of Ca 2+ was found to be 91-fold and of Mg 2+ , 29-fold higher than the AΣFTAl in the soil solution and it was observed the highest total dry matter (TDM) production of maize plants in relation to the other soils (Figure 1 ), indicating that Al 3+ in the solution may have exerted little or no toxicity to the plants. With liming, the activity of these ions in relation to Al 3+ in the solution increased even more (Table 3) ; however, there was no increase in the yield of the plants (Figure 1 ).
On the other hand, in the soil RS, the highest TDM production occurred in the second limestone dose (50% H+Al content), where the activity of Ca was 1622.6 and of Mg was 783.5 μmol L -1 and AΣFTAl in the soil solution was 1.5 μmol L -1 . However, being very similar to the first dose (25% H+Al content); in the treatment with the highest dose (100% of H+Al) there was a decrease in TDM production, indicating that even with the notable increase of activity of these ions in the solution (2789.3 μmol L -1 ) in relation to AΣFTAl (Table 1) and to Al 3+ (Table 3) , promoted by liming, this did not reflect the dry matter yield of the plants ( Figure  1 ). In these two soils (AC9 and RS), in the treatment without liming, Al 3+ did not present toxicity to the plants, because in addition to the high activity of the ions Ca 2+ and Mg 2+ , the AΣFTAl (data not shown) in the solution was already well below the critical threshold of 24-27 μmol L -1 (Diatloff et al., 1998) for maize. It should be noted that these soils have very high (AC9) and high (RS) levels of Al 3+ , Ca 2+ and Mg 2+ , maintaining equilibrium with the liquid phase, but these two ions controlled the activity of Al 3+ in the solution, thus reducing its activity and its harmful effects on plants.
In the PE (smectite), BR and CB (kaolinites with or without presence of smectite and vermiculite with hydroxyAl interlayers) (Cunha et al., 2014) , it was also verified that in limestone treatments the concentration and activity of the chemical species Ca 2+ and Mg 2+ was much higher than that of Al 3+ (Table 3) 3+ was expected to exert no toxicity to plants. However, it is observed that the TDM production of the plants grown in these soils was much lower than those grown in AC9 and RS (Figure 1 ), indicating that Al 3+ influenced the yield of the plants.
The behavior of Al 3+ in these soils (PE, BR and CB) can be explained by clay fraction mineralogy: in the PE soil, there was a predominance of smectite (E) with smectite with hydroxy-Al interlayers (EHE) and a relatively high proportion of kaolinite; in BR, there was kaolinite with similar amounts of smectite and vermiculite with hydroxy-Al interlayers (EHE and HEV); and in CB, there was kaolinite, with low amounts of EHE (Cunha et al., 2014) . Therefore, for this group of soils, it is plausible to assume that the activity of Al 3+ in the solution was controlled by the amorphous polymers from EHE and HEV that maintained the equilibrium of this species in the solution, restraining its toxic potential, as also verified by Dahlgren & Walker (1993) despite the high activity of the basic cations in the solution of these soils (Table 3) . Furthermore, the intense agitation of the samples for soil solution simulation (soil:solution extraction in a 1:1 ratio) may have destroyed the natural arrangement of the soil:solution porous system (Gloaguen et al., 2009) , favoring the dissolution of amorphous species of Al, what may have contributed to the solubilization and increase of the concentration of Al 3+ and also of the cationic and anionic species in their solution.
It is worth mentioning that there was a balance between Al of the solid and liquid phase, because a high correlation between these two phases was observed in all soils (AC9 r² = 0.97, PE r² = 0.71, RS r² = 0.82, BR r² = 0.77 and CB r² = 0.97), indicating that the solid phase of the soil controlled the activity of Al 3+ in the liquid phase of the studied soils. With liming, TDM production in PE, BR and CB increased in the first two doses, in which the activities of the ions, mainly of Ca 2+ and Mg 2+ , were much higher than those of Al 3+ (Table 3 ) and AΣFTAl in their solution (data not shown). Therefore, in this condition, Al 3+ no longer exerted toxicity on the plants. With the use of the maximum limestone dose, the TDM yield decreased, indicating that despite the increase of availability of nutrients to a greater extent than the requirement by the plants, there is no need to increase its concentration in the solution because the addition will not increase the yield of the plants (Fontes et al., 2014) .
The results of this study indicate that the chemical composition of the solution of the soils AC9 and RS provided a good chemical environment for the development of plants. However, in the case of the soils PE, BR and CB, the application of ¼ and ½ of the dose of limestone was enough to increase the nutrient supply in solution, allowing the plants to express their maximum production potential. Literature Cited
Conclusions
